Some recent developments on integrated damping mechanics for unidirectional composites, laminates, and composite structures are reviewed. Simplified damping micromechanics relate the damping of on-axis and off-axis composites to constituent properties, fiber volume ratio, fiber orientation, temperature, and moisture. Laminate and structural damping mechanics for thin composites are summarized. Discrete layer damping mechanics for thick laminates, including the effects of interlaminar shear damping, are developed and semi-analytical predictions of modal damping in thick simply-supported specialty composite plates are presented. Applications demonstrate the advantages of the unified mechanics, and illustrate the effect of fiber volume ratio, fiber orientation, structural geometry, and temperature on the damping. Additional damping predictions for composite plates of various laminations, aspect ratios, fiber content, and temperature illustrate the merits and ranges of applicability of each theory (thin or thick laminates).
INTRODUCTION
The significance of passive damping to the dynamic performance of structures is widely recognized. Damping is a significant dynamic parameter for vibration and sound control, fatigue endurance, and impact resistance. Current light-weight and high-performance requirements imposed on most structural applications restrict the use of many traditional non-structural damping sources. Polymer-matrix composites are known to exhibit significantly higher material damping than most common metals, as a result of the polymer matrix and their heterogeneity. Composites are already preferred in many structural applications due to their high specific stiffness and strength, hence, the option of passive structural damping is an added advantage to these materials.
Various damping mechanics theories for unidirectional composites and laminates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have been reported. Work on the damping of composite beams and plates [15] [16] , and plate/shell composite structures of general geometry and lamination has been also reported [17] . The research has demonstrated that composite damping depends on an array of micromechanical and laminate parameters, temperature, moisture, and existing damage.
The composite damping is also anisotropic, but exhibits an opposite anisotropy trend than stiffness and strength, being minimum in the direction of the fibers and maximum in the transverse and shear directions. In addition, the structural composite damping was found to be strongly dependent on structural configuration and deformation state.
It is apparent, therefore, that in order to realize significant structural benefits from the damping of composite materials, integrated damping mechanics are required, correlating the damping of composite structures to parameters of the basic constituent materials, laminate configuration, hygro-thermal conditions, and structural geometry. This paper reviews the past and present research at the Lewis Research Center in the development of integrated damping theories for thin and/or thick composites and composite structures.
The damping mechanics complement previous work performed at Lewis on integrated composite mechanics [18] .
These integrated methodologies enable the synthesis of global damping capacity at the structural level, or any intermediate material level, while including the effects from critical parameters at each individual material level (micromechanical, laminate, and structural), friction from broken/debonded fibers, interlaminar layers, temperature, moisture, and global structural geometry and boundary conditions.
Damping micromechanics explicitly relate the on-axis and off-axis damping capacities of the unidirectional composite with the micromechanical parameters and the fiber orientation angle. Two different laminate/ structural damping theories have been developed. The first was based on the classical laminate plate theory (CLPT) Kirchoff-Love's assumptions which assume a linear displacement field through the thickness and neglect interlaminar shear effects. The CLPT damping theory combines simplicity, computational speed, and has yielded excellent results for thin laminates and laminated structures subjected predominantly to extensional and/or flexural deformations. An important element of the CLPT laminate damping theory is the inclusion of the interlaminar matrix layer damping, which proved to be a potentially important source of damping for angle-ply laminates. A finiteelement based methodology for the synthesis of the passive damping and the simulation of the damped dynamic response of thin composite structures has also been developed.
Recently, a novel discrete laminate damping theory for the damping of thick composites is developed. The method assumes a piecewise continuous displacement field with variable degrees of freedom through the laminate thickness. The effects of interlaminar shear damping are also included. The discrete damping theory, although computationally more cumbersome, is particularly suitable for thick composite laminates, or laminates where the representation of local interlaminar shear effects are important. A semi-analytical methodology for the prediction of the dynamic properties of simply-supported (SS) specialty thick composite plates based on the aforementioned theory is presented, and results for the modal damping values are reported. Comparisons with structural damping predictions based on the CLPT damping theory illustrate the advantages of both laminate theories.
Application studies and experimental correlations illustrate the merits and the accu-racy of these unified damping theories. In addition, they provide valuable information and guidelines for the design of composite laminates/structures with good dynamic characteristics, as well as, for the successful measurement of damping in composites.
COMPOSITE DAMPING
This section briefly reviews the synthesis of damping for on-axis (damping along the material axes) and off-axis composites (unidirectional composites loaded at an angle), including the effects of temperature and moisture on composite damping. Additional details are provided in Ref. [13] .
On-Axis Damping
For a unidirectional composite loaded along the material axes ( Fig. la) , closed-form expressions have been developed for the synthesis of damping based on elastic hysteretic damping assumptions [13] . For orthotropic but transversely isotropic materials, like unidirectional reinforced composites, six damping coefficients will completely characterize the damping of the composite, that is: (1) longitudinal damping zb jj (direction 11), (2) transverse in-plane damping 012 (direction 22), (3) transverse through-the-thickness damping 013 (direction 33), (4) in-plane shear damping 016 (direction 12), (5) interlaminar shear damping b14 (direction 23), and (6) interlamina.r shear damping b15 (direction 13). These six damping capacities are explicitly related to fiber/matrix moduli and damping values, and the fiber volume ratio (FN'R). Typical damping predictions and experimental correlations for Gr/F,poxy unidirectional composites are shown in Fig. 2 .
Off-Axis Damping
For the case of off-axis composites, ie. composites loaded at an angle (Fig. lb) , a transformation provides the equivalent damping capacity of the composite in the structural coordinate system. Ref. [13] presents the damping transformation for in-plane SDCs. The damping transformation is extended herein, based on the same principle of invariance of the dissipated energy, to include out-of-plane shear and transverse damping. In such case, the off-axis composite damping is best described by the following 6 by 6 damping matrix The off-axis ply damping matrix is non-diagonal and has the general form. The non-diagonal terms 12 indicate coupling between in-plane extensions, the terms 16 and 26 coupling between the in-plane axial and shear stresses, while the terms 45 the coupling between interlaminar shear stresses. Apparently, off-axis loading will affect the overall damping capacity of the composite in two distinct, yet uncommon to isotropic materials, ways: (1) by altering the values of the diagonal terms, which is equivalent to altering the dissipative capability of the ply directly associated to normal and shear strains, and (2) by inducing and altering non-diagonal terms, which control the amount of strain energy dissipated by coupled deformation modes. This is best illustrated in Fig. 3 proposea for the hygro-thermal effect on the matrix damping:
The wet glass transition temperature is [19] ,
where rnj is the moisture content. The exponent q in eq. (5) can be correlated to experimental damping data of each individual polymer matrix. In the present paper an average value q =0.5 is assumed. The effects of temperature and moisture on the composite damping are introduced based on the previously described micromechanics. A similar approach is used for other mechanical properties.
LAMINATE DAMPING
Two different laminate damping mechanics theories have been developed for thin and thick laminates, respectively. The first is based on the CLPT Kirchoff-Love assumptions and has provided excellent correlations with experimental results. The second is based on discrete laver laminate plate theory (DLPT) and incorporates a piecewise continuous deflection field of variable degrees of freedom. The discrete laver damping theory (DLDT) is developed to model the damping of thick laminates, or laminates where the interlaminar
shear effects are non-negligible. The assumed displacement fields for both laminate theories are shown in Fig. 4 . In both cases, the dissipated strain energy in the laminate is defined
h/2 and the maximum laminate strain energy
where [E,] is the off-axis stiffness matrix (see Appendix). The equivalent laminate specific damping capacity (SDC) then is,
Thin Laminates
An overview of the laminate damping theory for thin laminates [14] is provided here.
Based on the Kirchoff-Love's assumptions of uniform linear displacements through the thickness and no interlaminar shear, the laminate strain E, contains only in-plane strains which are related to the mid-plane strain E° and curvature k as follows:
Combination of eqs. (7, 10) matrix layer, which have shown to be a significant additional source of damping in composite laminates [14] . Similarly, the maximum laminate strain energy in eq. (8) is expressed as:
where [A], [C] , and [D] are the extensional, L coupling, and flexural laminate stiffness matrices. Therefore, the equivalent damping capacity of a general laminate is calculated by combining eqs. (9, 11, 12) and is a function of the composite laminate parameters and the specific deformation state {e°, k}. 
w(x, y, z, t) = W , (X, y, t) (13.3) where superscript o represents the uniform through-the-thickness midplane deflection. Applying a piecewise continuous linear displacement field, as suggested by Reddy and coworkers [22-23], the previous eqs. take the form:
where, u 3 and v J are displacements, along the x and y directions respectively, preferably at the interfaces between various plies, or sublaminates (group of plies), and Fj (z) are linear interpolation functions. In this manner, the assumed in-plane displacement field is general, in that it may represent general displacement fields and interlaminar shear strains through-the-laminate thickness in the laminate plane. 
The comma in the subscripts indicates differentiation. Combination of eqs. (7, (15) (16) (17) ultimately provides the dissipated strain energy per unit area, 
In a similar manner, the combination of eqs. (8, (15) (16) (17) 
The equivalent laminate damping for a given local displacement field is provided by eq. (9).
STRUCTURAL DAMPING
The present section describes the procedure followed for characterizing the global damping capacity of composite structures. It is clear from the previous sections, that the damping capacity of the composite structure will strongly depend on the global deforma- where AWL, and wLn are respectively the dissipated and maximum laminate modal strain energies of the n-th mode.
Thin Composite Structures
For thin composite structures, eq. (23) is combined with eqs. (11) (12) to yield the modal damping. For specialty laminates and simple structural configurations, such as plates and shells, exact mode shapes may be found, and explicit integration of eq. (23) is possible, resulting in analytical expressions for modal damping. Such expressions have been derived by the authors for simply-supported rectangular plates.
More general laminate/structural configurations, however, require a form of approximate solution. As a result, approximate procedures based on finite element discretization were developed [17] . The integrations in eq. (23) The kinetic energy through the thickness of the plate is:
Considering eqs. (14) the laminate kinetic energy per unit area takes the form:
where the generalized laminate mass matrices are
The term diag(p k ) indicates a diagonal matrix, with all diagonal terms equal to the density of the k-th ply.
By substituting eqs. (25) The modal damping of each mode is subsequently calculated, in accordance with eq.
(23). First eqs. (19) and (21) are integrated through-the-thickness, and are combined with eqs. (18) and (20) In all cases, the differences in the prediction of the first few modal SDCs is small and both theories show good agreement in the prediction of natural frequencies. For this plate of high aspect ratio, this was expected and lends credence to the method. However, the differences between the modal damping of higher order modes of the 0/90 plates, is greater than in the case of the unidirectional plate. This is attributed to the higher interlaminar shear stresses developed in the transverse plies in order to balance the normal stresses in the longitudinal plies.
The fundamental modal SDC and natural frequency of a square 0.50 FVR (04/904).
Gr/Epoxy plate are plotted in Fig. 7 for varying aspect ratios a/h. At aspect ratios greater that 50, both CLPT and DLPT give comparable predictions, which again reinforces the validity of the DLPT damping method. At aspect ratios lower that 50, the DLPT damping method gives significantly higher predictions of damping than the CLPT, because the interlaminar shear effects are important, which illustrates the superiority of the methodology. The differences in frequency predictions are small. Fig. 8 . The modal damping is rather insensitive to the FVR variation in the 90 degs plies, however, the DLPT predicts significantly higher damping at low FVR. It is recalled that at low FVR, the shear modulus G123 is reduced, hence, higher strain energy is stored in the 90 degs plies to balance the bending stress in the 0 degs plies, moreover, the interlaminar shear damping is increased. The variation of the FVR in the 0 degs plies has a definite effect on the modal damping and frequency, but both theories provide equivalent results.
Predictions of the fundamental SDC and natural frequency of the same plate, subjected to uniform through-the-thickness temperature variations are plotted in Fig. 9 . The CLPT significantly underestimates the fundamental SDC at higher temperatures. It is recalled, that in higher temperatures, the shear modulus of the 90 degs plies decreases and the shear damping increases respectively. The temperature variation has little effect on the natural frequency. 
CONCLUSIONS
Transformation matrices:
Laminate damping matrices (CLPT):
The interply distortion energy coefficient 8, and matrix [S] are described in ref. 18 . .80
